Abstract Staphylococcus epidermidis is an important nosocomial bacterium among carriers of indwelling medical devices, since it has a strong ability to form biofilms. The presence of dormant bacteria within a biofilm is one of the factors that contribute to biofilm antibiotic tolerance and immune evasion. Here, we provide a detailed characterization of the quantitative proteomic profile of S. epidermidis biofilms with different proportions of dormant bacteria. A total of 427 and 409 proteins were identified by label-free and label-based quantitative methodologies, respectively. From these, 29 proteins were found to be differentially expressed between S. epidermidis biofilms with prevented and induced dormancy. Proteins overexpressed in S. epidermidis with prevented dormancy were associated with ribosome synthesis pathway, which reflects the metabolic state of dormant bacteria. In the opposite, underexpressed proteins were related to catalytic activity and ion binding, with involvement in purine, arginine, and proline metabolism. Additionally, GTPase activity seems to be enhanced in S. epidermidis biofilm with induced dormancy. The role of magnesium in dormancy modulation was further investigated with bioinformatics tool based in predicted interactions. The main molecular function of proteins, which strongly interact with magnesium, was nucleic acid binding. Different proteomic strategies allowed to obtain similar results and evidenced that prevented dormancy led to an expression of a markedly different repertoire of proteins in comparison to the one of dormant biofilms.
Introduction
Abiotic and biotic surfaces are prone to bacterial attachment and colonization (Otto 2013) . Staphylococcus epidermidis is among the most common bacteria which form biofilms in the surface of medical devices (Otto 2014) . S. epidermidis biofilms comprise a matrix composed of several extracellular polymeric substances, such as polyssacharides (Donlan 2001; Sadovskaya et al. 2005) , proteins (Cucarella et al. 2001; Lasa and Penades 2006; Rohde et al. 2005) , extracellular teichoic acids (Sadovskaya et al. 2004) , and extracellular DNA (Qin et al. 2007 ). The biofilm mode of growth has important clinical implications such as higher tolerance to antibiotics (Cerca et al. 2005 ) and resistance to the innate immune system (Cerca et al. 2006; Fey 2010; Vuong et al. 2004) . Biofilms also contain cells with a wide range of metabolic activities (HallStoodley et al. 2004) . It has been reported that bacterial cells Electronic supplementary material The online version of this article (doi:10.1007/s00253-015-6434-3) contains supplementary material, which is available to authorized users.
in the deeper layers of the biofilms are less active than the ones in the upper layers, although they are still viable but with a slower growth rate (Stewart and Franklin 2008; Williamson et al. 2012) . Nowadays, despite controversial, persistence and dormancy are one of the most discussed topics in biofilm field (Balaban et al. 2013; Orman and Brynildsen 2013) . Dormant and persister cells are associated with higher tolerance to antibiotics without undergoing genetic changes (Lewis 2007) and may determine its inflammatory profile (Cerca et al. 2011 . However, recent findings suggest that persistence is not directly associated with dormancy (Orman and Brynildsen 2013; Wakamoto et al. 2013) . Dormant bacteria are defined as bacteria which persist without division for extended periods, since they present a reversible low metabolic activity (Kaprelyants et al. 1993; Lewis 2007) . Despite mechanisms behind this condition remain unknown, several stress factors may induce the formation of dormant bacteria, such as DNA damaging agents, high temperatures, low pH, and membrane-acting agents (Dorr et al. 2010 ). Previously, we developed an in vitro model to modulate dormancy within S. epidermidis biofilms (Cerca et al. 2011) . According to this model, the culture medium acidification due to glucose metabolism was responsible for inducing bacteria to enter into a dormant state (Cerca et al. 2011) . In contrast, dormancy was prevented by adding magnesium (Mg 2+ ) to the culture medium (Cerca et al. 2011) . Recently, we determined the transcriptomic profile of S. epidermidis biofilms with different proportions of dormant bacteria which confirmed that the translation process was related to the proportion of dormant bacteria . Transcriptomic data analysis also suggested that oxidation-reduction processes were associated with dormancy. However, the expression level of a gene does not necessarily indicate the amount of protein produced, nor its biological activity (Zhang et al. 2010 ). Similar to other bacteria (reviewed by de Sousa et al. (2009) ), S. epidermidis transcripts and proteins showed a modest correlation (Carvalhais et al. 2015) , which suggests that transcript regulation and protein modifications may determine the biological importance of a gene (Cain et al. 2013; Guell et al. 2011; Straub 2011) .
Currently, proteomic tools allow simultaneously the identification and comparison of protein expression in different pathophysiological conditions. Quantitative proteomic analysis based on mass spectrometry may be achieved, among others, by stable isotope labeling, such as isobaric tags for relative and absolute quantitation (iTRAQ) or by label-free spectral counting, such as exponentially modified protein abundance index (emPAI) (Abdallah et al. 2012) . In one experimental setup, iTRAQ has the capability of multiplexing up to eight samples (Ross et al. 2004) where proteolytic peptides are chemically labeled with amine-specific isobaric tags. Then, upon induced fragmentation in the mass spectrometer, peptides yield different reporter ions in 113-121m/z range (in the case of an 8-plex experiment) (Ross et al. 2004) . Alternatively, the relative protein abundance (emPAI) offers label-free relative quantitation of a protein in a complex sample, based on protein coverage by the peptide matches which is proportional to the protein abundance in a cell (Ishihama et al. 2005) . The ability to accurately quantify proteins by label-free spectral counting depends on the number of spectra obtained and the sample coverage (Abdallah et al. 2012) . Thus, apart from relative quantitation, label-free also allows a qualitative analysis based on the number of identified proteins. Conversely, iTRAQ methodology do not allow to identify unique proteins, since the protein ratio is only calculated when the protein is present in both tested conditions.
The purpose of our study was to describe quantitative profile of S. epidermidis biofilms with induced and prevented dormancy, using label-free and label-based proteomic approaches. To achieve this, total proteins from S. epidermidis biofilms with different proportion of dormant cells were quantified by iTRAQ coupled with 2DLC-MS/MS and by SDS-PAGE-LC-MS/MS (GeLC-MS/MS).
Materials and methods

Biofilm growth conditions
One colony of S. epidermidis 9142 (isolated from blood culture (Mack et al. 1992) ) (collection number 18857 at DSM, Braunschweig, Germany) was inoculated in tryptic soy broth (TSB) (LiofilChem, Roseto Degli Abruzzi, Italy) and incubated at 37°C in an orbital shaker at 120 rpm for 18 h. The overnight culture was adjusted to an optical density at 640 nm of 0.250 (±0.05) with TSB, and 10 μL of the suspension was transferred into a 24-well plate (Orange Scientific, Braine-l'Alleud, Belgium) containing 1 mL of TSB supplemented with 0.4 % glucose (v/v) (TSB 0.4 % G) (Fisher Scientific, Waltham, MA, USA) or TSB 0.4 % G enriched with 20 mM magnesium chloride (MgCl 2 ) (Merck, Darmstadt, Germany), to form biofilms. The culture plates were then incubated at 37°C in an orbital shaker at 120 rpm for 24 h. After this period, the culture medium was removed and replaced by fresh TSB supplemented with 1 % glucose (v/v) (1 % G) or TSB 1 % G containing 20 mM MgCl 2 (1 % G+ Mg 2+ ). Biofilms were then allowed to grow in these same conditions for an additional 24 h. Next, biofilm culture medium was removed and biofilms were washed two times with phosphate-buffered saline (PBS). Then, bacteria within the biofilms were resuspended in 1 mL of PBS. Biofilm dormancy was assessed as previously described Cerca et al. 2011) . Briefly, the number of CFU/mL in each biofilm growth condition was determined using the spread plate method in trypticase soy agar (LiofilChem). A reduction of about one log difference is typically expected in similarly grown biofilms without addition of Mg 2+ .
Preparation of protein extracts
Gel electrophoresis (SDS-PAGE), in-gel protein digestion, and protein identification Forty micrograms of protein were incubated with SDS 10 % (w/v) (USB Corporation, Cleveland, OH, USA), 0.5 M TrisHCl (pH 6.8), glycerol, mercaptoethanol (Sigma-Aldrich), and bromophenol blue (w/v) for 5 min at 100°C. Then, samples were loaded on a SDS-PAGE and proteins were separated at a constant voltage (150 V) for 50 min. The gel was stained with colloidal Coomassie G-250, and entire gel lanes were manually excised into 16 gel slices for in-gel digestion with trypsin TPCK treated (ABSciex, Framingham, MA, USA). Peptide extraction was made with 10 % formic acid/ acetonitrile acid. Peptides were dried in a SpeedVac (Thermo Savant, Thermo Scientific) and were dissolved in 5 % acetonitrile (MS grade, VWR), 0.1 % formic acid (Fluka Analytical, Sigma-Aldrich) and 0.1 % trifluoroacetic acid (Sigma-Aldrich). Separation of tryptic peptides by nano-HPLC was performed on the module separation Ultimate 3000 (Dionex, Thermo Fisher Scientific) using a capillary column (Pepmap100 C18; 3-μm particle size, 0.75-μm internal diameter, 15 cm in length). A gradient of solvent A (water/ acetonitrile/trifluoroacetic acid (98:2:0.05, v/v/v)) to solvent B (water/acetonitrile/trifluoroacetic acid (10:90:0.045, v/v/v)) was used. The separation of 2 μg/μL sample was performed using a linear gradient (5-50 % B for 30 min, 50-70 % B for 10 min, and 70-5 % A for 5 min) with a flow rate of 0.3 μL/ min. The eluted peptides were mixed with a continuous flow of α-CHCA matrix solution (270 nL/min, 2 mg/mL in 70 % ACN/0.1 % TFA and internal standard Glu-Fib at 15 ftmol) and were applied directly on a MALDI plate in 20-s fractions using an automatic fraction collector Probot (Dionex). Mass spectra were obtained on a matrix-assisted laser desorption/ ionization-time-of-flight (MALDI-TOF/TOF) mass spectrometer (4800 Proteomics Analyzer, Applied Biosystems, Foster City, CA, USA) in the positive ion reflector mode and obtained in the mass range from 700 to 4500 Da with 900 laser shots. A fragmentation voltage of 2 kV was used throughout the automated runs. The spectra were processed and analyzed by the T2S (v1.0, Matrix Science Ltd.) and submitted in Mascot software (v.2.1.0.4, Matrix Science Ltd.) for protein/peptide identification based on MS/MS data using the following criteria: trypsin as enzyme, a maximum of two missed cleavages, mass tolerances of 40 ppm for peptide precursors, and mass tolerance of 0.6 Da was set for fragment ions. The local false discovery rate (FDR) was calculated by searching the spectra against SwissProt (Firmicutes, release date February 6, 2013) decoy database (false-positive peptides / (false-positive peptides+total peptides)×100). Protein identification based on a single peptide hit had a minimum individual score of 29 (95 %) and a minimum sequence tag of four amino acids (five consecutive peaks in the MS/MS spectrum). Quantification was performed using exponentially modified protein abundance index (emPAI). Gene ontology (GO) (Ashburner et al. 2000) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al. 2004 ) pathways in each condition were determined using Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database (version 9.1) (accessed at December 10, 2014) (Franceschini et al. 2013) . Independent replicates were performed with 22 pools of S. epidermidis biofilms, for each condition.
iTRAQ labeling Appl Microbiol Biotechnol (2015 ) 99:2751 -2762 2753 For total protein extraction, biofilms were directly scrapped and resuspended with detergent extraction buffer, 25 mM Tris-HCl (pH=7.2) (Pharmacia Biotech, Uppsala, Sweden), 10 mM CHAPS (Sigma-Aldrich, St. Louis, MO, USA), 0.5 M NaCl (VWR, Radnor, PA, USA), 5 % glycerol (Sigma-Aldrich), and 1 mM PMSF (Sigma-Aldrich). Then, mechanical lysis was performed in a bead beating using glass beads of 0.1 mm (Sigma-Aldrich) in a FastPrep® cell disruptor (BIO 101, ThermoElectron Corporation) (three cycles of 30 s and 6.5 m/s). After lysis, cell debris were removed by centrifugation (15,000g for 15 min at 4°C). Then, proteins were precipitated with 20 % of TCA-cold acetone and quantified using the RC-DC assay (Bio-Rad, Hercules, CA, USA), following the manufacturer's instructions.
An in-solution digestion was performed for iTRAQ labeling, as previously described (Alves et al. 2013) . Briefly, 100 μg of protein was precipitated with 6 volumes of cold acetone at −20°C for 3 h. After sample centrifugation and acetone decantation, pellets were resuspended with triethylammonium bicarbonate buffer (TEAB) (0.1 M, pH 8.5) (Sigma-Aldrich) and 2 % SDS to achieve a final concentration of 0.05 %. Samples were then reduced with 50 mM tris(2-carboxyethyl)phosphine (TCEP) (Sigma-Aldrich) for 1 h at 37°C with agitation. Then, samples were alkylated with 10 mM S-methyl methanethiosulfonate (MMTS) (SigmaAldrich) for 10 min at room temperature with agitation. Trypsin was added to each sample, and the digestion was performed for 18 h at 37°C. Digested sample peptides were subsequently labeled with the iTRAQ® reagent 8-plex (ABSciex) following the protocol provided by the manufacturer. Briefly, labels were reconstituted in 60 % isopropanol, added to each sample peptides and incubated for 2 h at room temperature with agitation. Peptides from S. epidermidis biofilms with induced dormancy (1 % G) were labeled with 119 isobaric reagent and peptides from biofilms with prevented dormancy (1 % G+Mg 2+ ) were labeled with 121 isobaric reagent. The reaction was stopped by adding water and acidification with formic acid. Labeled samples were then combined and dried in SpeedVac.
Then, labeled peptides were separated from an adapted multidimensional LC approach, as described by Vitorino et al., based on high pH for first dimension peptide chromatography with a C18 reverse-phase HPLC column and acidic pH for second one (Vitorino et al. 2012 ). Thus, sample loading was performed at 200 μL/min with buffers (A) 2 % ammonium hydroxide and 0.014 % formic acid in water, pH 10 and (B) 2 % ammonium hydroxide and 90 % acetonitrile (ACN) in water, pH 10. After 5 min of sample loading and washing, peptide fractionation was performed with linear gradient to 70 % B over 85 min. Sixty fractions were collected, dried in a SpeedVac, and resuspended in 5 % ACN and 0.1 % TFA. Collected fractions were then separated by LC. Briefly, peptides loaded onto a C18 pre-column (5-mm particle size, 5 mm; Dionex) connected to an RP column PepMap100 C18 (150 mm×75-mm i.d., 3-mm particle size). The flow rate was set at 300 nL/min. The mobile phases A and B were 2 % ACN and 0.05 % TFA in water, and 90 % ACN with 0.045 % TFA in water, respectively. The gradient started at 10 min and ramped to 60 % B till 50 min and 100 % B at 55 min and retained at 100 % B till 65 min. The separation was monitored at 214 nm using a UV detector (Dionex/LC Packings). Using the microcollector Probot (Dionex/LC Packings) and after a lag time of 5 min, peptides eluting from the capillary column were mixed with a continuous flow of α-CHCA matrix solution (in internal standard Glu-Fib) and were directly deposited onto the LC-MALDI plates. The spectra were generated and processed with 4800 MALDI-TOF/TOF. Protein identification based on MS/MS data were performed with ProteinPilot™ software (v.4.04, AB Sciex) using Paragon search method. SwissProt from S. epidermidis strain RP62A (Firmicutes, release date February 6, 2013) was used as protein database. Default search parameters used were as follows: trypsin as the digestion enzyme with two missed cleavages, 40-ppm tolerance, carbamidomethyl modification on cysteine residue, iTRAQ 8-plex modification of N-terminal and lysine peptide residues as fixed modification. Additionally, biological modifications with emphasis on methionine oxidation, deamidation and iTRAQ 8-plex modification of tyrosine residue and deamidation were considered variable modifications. Bias correction was applied, and proteins were identified with a confidence level of 95 %. Proteins were found to be differentially expressed when p<0.05 (FDR-corrected). Proteins were considered overexpressed in prevented dormancy when the iTRAQ ratio was above 1 and underexpressed when iTRAQ ratio was lower than 1. GO and KEGG were determined using STRING as described in BGel electrophoresis (SDS-PAGE), in-gel protein digestion, and protein identification^section.
Immunodetection and identification of oxidized proteins Carbonylated proteins were assayed as previously described (Conrad et al. 2001; Robinson et al. 1999) . Briefly, whole cell proteins from both conditions were separated by isoelectric focusing with IPG strips nonlinear pH 3-10 gradient (GE Healthcare, Buckinghamshire, UK). Then, each strip was incubated with 12 % SDS for 30 min at room temperature and derivatized with 20 mM 2,4-dinitrophenylhydrazine (DNPH) (Acros Organics, Geel, Belgium) in 10 % TFA for 30 min at room temperature, in the dark. The reaction was stopped with equilibration buffer (2 % (w/v) SDS, 6 M urea, 30 % glycerol, 0.05 M Tris-HCl (pH 8.8), and 20 mg/mL DTT for 30 min at room temperature. The second dimension was obtained by SDS-PAGE. Then, gels were stained with colloidal Coomassie G-250 or gels were transferred onto a nitrocellulose membrane. Immunodetection was performed using anti-2,4-dinitrophenol (DNP) antibody (Merck) and detected by enhanced chemiluminescence ECL (Amersham Pharmacia Biotech) according to the manufacturer's procedure. Images were recorded using X-ray films (GE Healthcare) and the films and the gels were scanned in Molecular Imager Gel Doc XR + system (Bio-Rad) and analyzed with QuantityOne software (v. 4.6.9, Bio-Rad). Protein spots reactive to anti-DNP antibody were manually excised, and an in-gel digestion was performed as described in BGel electrophoresis (SDS-PAGE), in-gel protein digestion, and protein identificationŝ ection. Peptides were resuspended and directly deposited onto 384-well MALDI plates (Applied Biosystems) with α-CHCA matrix solution. α-CHCA matrix solution was prepared by diluting 2.5 mg/mL of α-CHCA in ACN 70 %/ TFA 0.3 %. Experiments were carried in duplicate. Peptide mass spectra were obtained as referred in BGel electrophoresis (SDS-PAGE), in-gel protein digestion, and protein identificationŝ ection. Mass spectra were processed and analyzed by the Global Protein Server (GPS) Workstation (Applied Biosystems). Searches were performed against the SwissProt protein database for Firmicutes (release date February 6, 2013). The database search parameters were as follows: mass tolerance of 40 ppm for precursor ions and 0.4 Da for fragment ions, and trypsin digestion with two missed cleavages. Protein identity was accepted at the 95 % confidence level.
Results
The work reported here represents a multiapproach to determine the protein changes in dormancy within S. epidermidis biofilms, using a previously described model based in Mg 2+ (Cerca et al. 2011) . As expected Cerca et al. 2011) , the number of culturable bacteria in biofilms with induced dormancy (1 % G) was lower than the number of CFU per milliliter of biofilms with prevented dormancy
(1 % G+Mg 2+ ), as shown in the supplementary material (Fig. S1 ).
Label-free data analysis
After GeLC-MS/MS separation and identification of proteins from induced (1 % G) and prevented (1 % G+Mg 2+ ) dormancy in S. epidermidis biofilms, label-free qualitative and relative quantitation analysis were performed from two independent replicates. For qualitative analyzes, Venn diagram was generated with identified proteins in each condition, using Venny tool from BioinfoGP (Oliveros 2007) (Fig. 1) . A total of 378 and 387 proteins (FDR <5 %) were identified in induced and prevented dormancy, respectively. Statistically significant GO terms (including biological processes and molecular functions) for proteins found in each condition are detailed in Fig. 2 . Despite no major differences were found, cell wall organization or biogenesis (GO:0071554) was a biological process only found statistically significant in S. epidermidis biofilms with induced dormancy (including the MurC, Ddl, MurG, LtaS, Atl, DltC, MurA1, FemB, FemA, DltA, MurB, FemX, and GlmU proteins). GTPase activity (GO:0003924) was a molecular function only found statistically significant in S. epidermidis biofilms with induced dormancy. Examples of such proteins included SERP0696, InfB, PrfC, Obg, MnmE, UreG, Era, LepA, FtsZ, FusA, and EF-Tu. Among them, only seven proteins were common to the proteome of S. epidermidis biofilm with prevented dormancy. Interestingly, these proteins are involved in the nucleotide metabolic process and present ion-binding activity. Furthermore, cofactor metabolic process (GO:0051186) was a biological process only significant in prevented dormancy. Additionally, hydrolase activity, acting on carbon-nitrogen bonds (GO:0016810) and lyase activity (GO:0016829) were molecular function categories only found significant in prevented dormancy. Among all the proteins identified in both conditions, only 40 proteins were exclusively assigned to dormancy in S. epidermidis biofilms ( Fig. 1; Table S1 ). Conversely, only 49 proteins were exclusively assigned to S. epidermidis biofilms with prevented dormancy ( Fig. 1; Table S2 ). Thus, Fig. 3 shows the three most represented biological processes and molecular functions in unique proteins found in each condition. Main differences were found in molecular function annotations. Herein, GTPase activity (GO:0003924), structural constituent of ribosome (GO:0003735), and structural molecule activity (GO:0005198) were categories predominant in induced dormancy. Conversely, DNA binding (GO:0003677) (including AddA, Rex, GreA, LexA, GrlA, PhoP, and PcrA proteins) and ATPase activity (GO:0016887) (including AddA, TagH, GrlA, Rho, PcrA, and MetN1 proteins) were predominant in S. epidermidis biofilm with prevented dormancy.
In order to analyze relative quantitation of label-free data, emPAI was compared among biological replicates. The reproducibility of data collected from the two biological replicates is shown in Fig. S2 . Pearson's correlation indicated good reliability of emPAI data, showing a correlation higher than 0.810 in both conditions. Thus, we used emPAI average for further analysis. emPAI distribution among the two distinct biological conditions is shown in Fig. S3 .
Label-based data analyzes iTRAQ provide the possibility to quantitatively examine a large number of proteins for differential expression (Ross et al. 2004; Thompson et al. 2003) . First, samples were labeled, pooled, fractionated by HPLC, and then separated by liquid chromatography and analyzed by tandem mass spectrometry (MS/MS). Using this approach, a total of 409 proteins were identified. Among them, 408 proteins had a calculated ratio value (distribution of iTRAQ ratio is shown in Fig. S4 ). Herein, a total of 29 proteins were differentially expressed, wherein 16 proteins were overexpressed and 13 proteins were underexpressed in S. epidermidis biofilms with prevented dormancy (Table S3 ). The two most represented biological processes, molecular functions, and KEGG pathways in differently expressed proteins were detailed in Fig. 4 . Additionally to ion binding, GO terms related to catalytic activity, such as hydrolase (GO:0016810) (Atl and ArcA proteins), ligase (GO:0016874) (GlnA and GuaA proteins), and nucleotidyltransferase (GO:0016779) (RpoC and RpoB proteins) activity were associated with induced dormancy, since these GO terms were underexpressed. Purine (ser00230), arginine, and proline (ser00330) metabolism were the most prevalent pathways in underexpressed proteins in biofilms with prevented dormancy (Fig. S5) . Conversely, molecular functions, such as structural constituent of ribosome (GO:0003735), structural molecule activity (GO:0005198) (including RpmI, RplL, RpmB, RplX, RplY, and RpsR proteins), and RNA binding (GO:0003723) were associated with proteins more expressed in S. epidermidis biofilm with prevented dormancy. Moreover, ribosome synthesis pathway ) or induced (1 % G) dormancy (ser03010, including RpmI, RplL, RpmB, RplX, RplY, and RpsR proteins) was the most prevalent KEGG pathway in overexpressed proteins, which shows an involvement in translation process.
To elucidate the behavior of proteins which may be considered as Staphylococci virulence factors (Fey and Olson 2010; Otto 2012) , we analyzed label-based data and list here their iTRAQ ratio: LipA (ratio=1.13), ClpP (ratio= 0.96), ClpC (ratio=0.96), ClpB (ratio=0.93), PSMβ1 (ratio=0.52), SitC (ratio=0.80), AtlE (ratio= 0.70, p <0.05), TagD (ratio= 0.50), DltC (ratio=0.45), and EbpS (ratio= 2.3, p<0.05). However, only AtlE (an autolysin, also involved in the attachment of S. epidermidis to abiotic surfaces (Heilmann et al. 1997) ) and EbpS (primary attachment (Park et al. 1996) ) had significant differences between induced and prevented dormancy, although these proteins did not present the same expression tendency. Interestingly, PSMβ1 (a noncytolytic modulin involved in in vitro detachment (Wang et al. 2011) ) had a ratio of 0.52 but without statistical significance. Although differences were not statistically significant in the majority of proteins, virulence proteins seemed to be more expressed in biofilms with induced dormancy.
Search Tool for Interactions of Chemicals (STITCH v.4) allows the creation of a protein-chemical interaction network based on experimental data, databases, text mining, and predicted interactions (Kuhn et al. 2014) . Since the growth model previously described includes addition of Mg 2+ to obtain S. epidermidis biofilms with prevented dormancy (Cerca et al. 2011) , STITCH resource was used to predict interactions of magnesium with unique proteins in prevented dormancy (identified by label-free) and overexpressed proteins (identified by label-based methodology) (accessed at December 10, 2014). Additionally, we applied the Markov cluster algorithm (MCL) to identify which proteins generate a cluster with magnesium ( Fig. 5 ; complete network is shown in Fig. S6 ). Five of these proteins present nucleic acid binding function, and three of them are localized in cytoplasmic membrane. Oxidative modification of proteins can assume many forms such as nitrotyrosination, carbonylation, methionine, and sulfhydryl oxidation (reviewed by Dean et al. (1997) ). From those, protein carbonyl content is widely used as a marker for oxidative stress, since it is considered to be a major form of protein oxidation (Dalle-Donne et al. 2009 ). Previously, we compared the transcriptome of S. epidermidis biofilms with prevented and induced dormancy , which suggested that oxidation-reduction molecular function was increased in S. epidermidis biofilms with higher number of dormant bacteria . Following this, we evaluated protein oxidation in S. epidermidis biofilms with prevented and induced dormancy, namely protein carbonylation. A comparison of the 2-DE immunoblots reveals a different carbonylated pattern between prevented and induced dormancy (Fig. 6 ). Protein oxidation assessed by protein carbonyl content was mainly localized in the region around pI of 5, with a molecular weight varying from 27 to 77 kDa. From the most Fig. 3 The three most prevalent biological processes and molecular functions terms in proteins only found in S. epidermidis biofilms in prevented (1 % G+Mg 2+ ) or induced (1 % G) dormancy. Data obtained by label-free methodology Fig. 4 The two most prevalent biological processes, molecular functions, and KEGG pathways in statistically significant overexpressed and underexpressed proteins from S. epidermidis biofilms with prevented dormancy. Data obtained by label-based methodology susceptible proteins to oxidation identified in both conditions showed that TpiA and PfkA proteins seems to be associated to biofilm dormancy, whereas RpsA and Pgk were more reactive to DNP in S. epidermidis biofilms with prevented dormancy. A few more proteins presented the same oxidation susceptibility among the two tested conditions.
Discussion
Adaptation to local environment conditions contribute to physiological heterogeneity of bacteria within biofilms (Stewart and Franklin 2008) . A subpopulation of dormant bacteria may be formed due to such unfavorable environment (Stewart and Franklin 2008) . With a purpose of characterize dormancy within biofilms, a global scale analysis of transcriptome and proteome may be achieved with integration of highthroughput techniques and quantitative proteomics. Recently, we assessed transcriptome profile of S. epidermidis with prevented and induced dormancy . However, similarly to other bacteria studies (reviewed by de Sousa et al. (2009)), comparison among S. epidermidis proteins and transcripts showed a modest correlation (Carvalhais et al. 2015) . Currently, quantitative proteomics is still the bottleneck of comparative approaches, since the numbers of identified proteins are most of the times behind the expected numbers (Berghoff et al. 2013) . Herein, two different proteomic approaches were used to quantify proteins of S. epidermidis biofilms, since iTRAQ methodology do not allow to identify unique protein in each condition, and it is used to validate protein expression data.
Based on label-free method, GO annotation strongly suggests the involvement of GTPase activity and ion-binding functions in dormancy within S. epidermidis biofilms (Fig. 2) , since Mg 2+ was used to avoid dormancy entry (Cerca et al. 2011) . Furthermore, proteins only found in dormant condition had a high prevalence of GTPase activity (Fig. 3) , which is in accordance with hydrolase activity of underexpressed proteins, found in label-based approach. GTPase enzymes are responsible for GTP hydrolysis and may be involved in several biological functions, from cell cycle regulation, tRNA modification, energy metabolism, stringent response, and stress response, among others (reviewed by Verstraeten et al. (2011) ). Furthermore, in a nutrient limitation environment, GTP is converted by RelA (GTP pyrophosphokinase) to (p)ppGpp (guanosine 5′-triphosphate-3′-diphosphate and 5′-3′-bis-diphosphate) (Sonenshein Fig. 5 Cluster of magnesium-protein interactions generated and predicted by STITCH (v.4) . PhoP alkaline phosphatase synthesis transcriptional regulatory protein PhoP, Efp elongation factor P, PcrA ATP-dependent DNA helicase PcrA, MoaB molybdenum cofactor biosynthesis protein B; GroS 10 kDa chaperonin, GrlA DNA topoisomerase 4 subunit A, Rex redox-sensing transcriptional repressor Rex, SERP0996 probable CtpAlike serine protease, SERP0611 serine protease HtrA-like 1, triosephosphate isomerase (TpiA); 2, elongation factor Tu (EF-Tu); 3, chaperone protein DnaK (DnaK); 4, 2,3-bisphosphoglycerate-independent phosphoglycerate mutase (GpmI); 5, fructose-bisphosphate aldolase class 1 (Fda); 6, alkyl hydroperoxide reductase subunit F (AhpF); 7, 60 kDa chaperonin (GroEL); 8, phosphoglycerate kinase (Pgk); 9, ATPdependent 6-phosphofructokinase (PfkA); 10, elongation factor G (FusA); 11, 30S ribosomal protein S1 (RpsA); 12, inosine-5′-monophosphate dehydrogenase (GuaB) 2005; Verstraeten et al. 2011) . RelA is a ribosome-associated (p)ppGpp synthetase and a hydrolase, which is activated in response to amino acid starvation (Cashel et al. 1996; Potrykus and Cashel 2008) . Interestingly, RelA was among the uniquely expressed proteins in S. epidermidis biofilms with induced dormancy. Since in deeper biofilm layers bacteria have limited access to nutrients, this may increase their levels of (p)ppGpp (Maisonneuve et al. 2013) , leading to higher expression of RelA protein. In the opposite, prevented dormancy condition presented enhancement of DNA binding and ATPase activity molecular functions, which is related to the higher number of metabolic active cells. Nowadays, it is assumed that toxin/antitoxin modules (TA) are involved in dormant persister cell formation (Keren et al. 2004 ). Currently, TA systems are assigned to five classes (I-V) according to their genetic structure and regulation (Goeders and Van Melderen 2014; Unterholzner et al. 2013) . Increased expression of type I TA modules, such as TisB and HokE in E. coli, has ATP synthesis cellular process as a target (reviewed by Unterholzner et al. (2013) ). Although not extensively studied, a type I TA module was already described in Staphylococcus aureus (Sayed et al. 2012) . Additionally, the existence of other type I TA modules in S. aureus was predicted by bioinformatic tools but their biological activities were not confirmed (Fozo et al. 2010) . The characterization of dormancy was also assessed by iTRAQ methodology as cross-check validation of protein expression data, which showed main differences in molecular functions, equivalently to label-free analysis (Fig. 4) .
Proteomic analyses of dormant cells are limited (reviewed in Pinto et al. (2013) ). Previous proteomic studies found a relation among GroEL (60 kDa chaperonin), DnaK (chaperone protein DnaK), AtpD (ATP synthase subunit beta), and Eno (enolase) proteins with viable but nonculturable state (VBNC) of bacteria, since their expression were lower (Heim et al. 2002) . Also, a decreased expression of alkyl hydroperoxide reductase subunit F (AhpF) protein, an oxidationresponsive factor, was previously found in VBNC (Asakura et al. 2007 ). Our quantitative results showed that these proteins were decreased in dormancy, however without statistically significant difference. Additionally, EF-Tu protein (elongation factor Tu) was also associated with VBNC but results are not consistent among studies (Pinto et al. 2013 ). Interestingly, here, EF-Tu showed a significant increased expression in dormancy. Similarly to transcriptomic profile of dormancy, overexpressed proteins were related to an enrichment of ribosome synthesis pathway and structural constituent of ribosome molecular function . However, by a proteomic approach, we did not find a significant underexpression of proteins involved in oxidation-reduction, pyruvate metabolism, and acetyl-CoA metabolic processes. Nevertheless, we recently showed that correlation among transcripts and proteins were not strong in S. epidermidis biofilms (Carvalhais et al. 2015) . Thus, underexpressed proteins were mainly associated with purine and arginine and proline KEGG pathways. Ion binding and catalytic activity were the main molecular functions associated with underexpressed proteins in S. epidermidis biofilms with prevented dormancy (Fig. 4) . Ligase, nucleotidyltransferase, and hydrolase activity combined with DNA and RNA binding may suggest that proteins less expressed in S. epidermidis biofilms with prevented dormancy are involved in transference of nucleotidyl groups and amino acid metabolism. Moreover, hydrolase and transferase protein classes have large number of cysteines, which are more susceptible to oxidation (Liebler 2008; Sanchez et al. 2008) . Staphylococcus spp. use cysteine oxidation to respond to and overcome reactive oxygen species found in the host environment (Deng et al. 2013; Gaupp et al. 2012 ). Oxidative stress is described as a factor that contributes to persister cell increase (Hong et al. 2012 ). However, Leszczynska et al. found that persister cell frequency was not correlated with the oxidation of proteins (Leszczynska et al. 2013 ). Interestingly, here, we found that dormancy within S. epidermidis biofilms affected the pattern of oxidized proteins (Fig. 6) . Among the carbonylated proteins, a few were related to oxidoreductase activity (such as GuaB and AhpF), with RNA binding (RpsA, EF-Tu, and FusA proteins), and others were involved in ATP binding (such as PfkA, Pgk, GroEL, and DnaK). Additionally, proteins involved in response to stress, DnaK and AhpF, were found carbonylated. Interestingly, among the carbonylated proteins, only EF-Tu, GpmI, and Pgk showed significant differences in protein expression between prevented and induced dormancy. Our results suggest that Pgk protein is more active in biofilms with prevented dormancy, but may be more susceptible to oxidation and may suffer biological modifications. However, future work in protein oxidation exploration may help to unravel if oxidation susceptibility may contribute as a factor that leads to dormancy.
It is known that magnesium is involved in several biological processes in bacteria, such as genomic stability, membrane stabilization, and cofactor in several enzymatic reactions (Groisman et al. 2013) . Consistent with this fact, we found that proteins which formed a closer cluster with magnesium presented mainly nucleic acid binding function (Fig. 5) . Interestingly, cytoplasmic membrane proteins were also found associated with magnesium action. Dunne et al.
were the first to demonstrate the magnesium action over S. epidermidis adhesion (Dunne and Burd 1992). Earlier, Cutinelli and Galdiero aimed to describe the binding capacity of Mg
2+
, among other ions, to S. aureus cell wall (Cutinelli and Galdiero 1967) . They proposed that high pH values increased the amount of Mg 2+ bound to cell wall. Since we previously shown that pH does not vary between the two growth conditions , this statement cannot explain the Mg 2+ binding in the present model. Similarly, Mg 2+ affinity to Bacillus subtilis cell wall was influenced by the presence of functional groups in the peptidoglycan matrix (Doyle et al. 1980 ). In addition, Piddington and colleagues demonstrated that Mg 2+ is essential to Mycobacterium tuberculosis growth in acidic conditions and it could not be replaced by other divalent cations (Piddington et al. 2000) . Also, a possible influence of Mg 2+ in protein structure and physical properties was also described in M. tuberculosis (Bhatt et al. 2005) . Recently, it was shown that catheters coated with magnesium fluoride nanoparticles presented a significantly reduction of S. aureus and Escherichia coli colonization (Lellouche et al. 2012) . However, the Mg 2+ effect in biofilm maturation and its role on dormancy remains poorly understood (Piddington et al. 2000; Song and Leff 2006) .
To the best of our knowledge, the present study represents the first attempt to determine protein expression differences associated to dormancy within biofilms. For the first time, quantitative proteomics was performed in order to assess dormancy within S. epidermidis biofilms. Label-free and labelbased methods afforded similar and relevant biological data of dormancy physiological state. Overexpressed proteins were mainly related to ribosome synthesis pathways. Conversely, based on our dormancy model, ion binding and catalytic activity molecular functions seem to be related to the absence of magnesium enrichment, which contribute to dormancy entrance. It should also be emphasized that the output of the different quantitative strategies here employed, contributed to a further exploration of dormant physiological condition.
